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INTRODUCTION 

The X-ray determination of r esidua l stresses in t ex t ured materials has been 
treat e d by many investigator s . IJne reason for s uc h grea t activity in th i s a r ea i s 
the preponderance of factor s influenc ing the depar ture of textured mat erial f rom 
the ideal iso tropic behavior in t hat t he d spacing vs. s in2 ~ relationship i s not 
linear bu t rather is oscill a t orv. A c urrent synops is of these f ac t ors is given by 
Dolle 1 and by Dolle a nd Cohen . 2 

A popul ar me thod for cor r ecting f or the ef f ec ts of t exture on the X-ray 
residual stress was developed by Harion and Cohen. 3 Tn t his t reatment , oscilla 
tions in d with sin2~ were correlated with the deformation tex tur e using an 
approach introduced by W. Weidemann4 in the form: 

where 

d (d - d
8

) f(a , B) +dB max (1 ) 

f(a , B) i s a di s tribut ion f unct i on of a g iven (h k 1) plane relative to sample 
coordi na tes 

a is the longi tude on a pole figure with center at samp le normal 

8 i s the l at itude 

d is the largest lattice spacing (such as in some localiz ed r egion A max 
undergoing maxi mum deformat ion due to energet i cally favo rable orien-
tation relative to deformation geome try ) 

d8 is the smal l est lattice spacing (suc h as i n some l ocali zed region B 
undergoing least deformation). 

Placing Equation (l) in a general form including the effec t of r esidual stress , o 
on d (Re ference 3) yiel ds : 

(d max (2) 

l. DOLLE , H. The I nfluence of Multiaxial Stress States . St ress Gradients and 
Elastic Anisotropy on the Evaluation o f Residual St resses by X- Rays . J. Appl . 
Crys t , v . 12, 1979, p. 489. 

2. DOLLE, H., and COHEN, J. B. Evaluation of Re sidua l Stresses in Tex tured Cubic 
Metals. Met. Trans. A. , v . llA, 1980 , p . 831. 

3 . MARI ON , R. H., and COHEN , J . C. Anoma li es in Measurement of Residua l Stress b¥ 
X- Ray Dif f raction . Adv. X-Ra y Ana l ., v . 18, 1975 , p . 466 . 

4. WEIDEMANN, W., Phd. Thesi s , Technische Hochschule . Aachen, Ge r many, 1966, 
Synopsis in Bollenroth, V. F., Hauk, V., as Zur Dentung der 
Gittere i genverformungen in plastich verformtem-Eisen, Arch fur Eis en, v. 10 , 
1967 , p. 793. 

1 



where 

¢ angle around specimen normal 
d - spacing along specimen normal 

.L 
v - Poissonts ratio 
E - modulus of elasticity. 

Marion and Cohen aligned the angle 1/! along the rolling direction (R.D.) of o:-Fe for 
the reflecting plane (211) with the highest diffracting Bragg angle, 28, using CrKa 
X-radiation. For this technique, the elastic constants are assumed to be isotropic 
and applicable to the X-ray case. As may be deduced from Equations (1) and (2) the 
oscillations in dare in phase with the distribution function f(a.B). i.e., the 
diffracted peak-intensity maxima intensity should align with the d maxima. 

The oscillations along R.D. of d vs. sin2w were treated by Shiraiwa and 
Sakamoto 5 to determine the effect of elastic constants and plastic anisotropy in 
textured cold-rolled steel specimens. The elastic constants employed were taken 
from single crystal data. The a=O line through the {211} pole figure revealed 
f(O,l/!) ma~ima at 1/!=0° and 60° contributed by the (211) @1D comgonent of texture, 
at ~=19.5 from the (Ill) ~lQ texture component, and at 1/!=35.3 from the (100) 
[011] texture component. 

A generalized treatment was developed by D5lle and Hauk 6 for relating the 
lattice strain to the elastic constants, and the angles ¢ and ~. for anisotropic 
materials. For the (211) reflection, oscillations also exist parallel to R.D. in 
(d

0 
w - d

0
)/d

0 
vs. sin21/!. For this particular plot, however, Hauk and Sesernann7 

found that two texture-dependent directions occur in which the lattice strain is 
isotropic. This procedure by itself, although implicitly correct, may be of ques
tionable accuracy in yielding limited data at low~ values. 

In addition to the previously cited factors, oscillations may also be present 
due to grain coupling, micro-stress inhomogeneities, and shear-stress and large
stress gradients. In the case of sharp-stress gradients (Peiter and Lode, as dis
cussed in Reference 1) the nonlinearity of d with sin2w is smaller than the previously 
discussed effects. In addition, this effect can be isolated with surface removal, 
i.e., by applying an electropolishing procedure. 

Oscillations are also likely to occur if the grain size is too large. Although 
the likelihood of such phenomena taking place is g reatest in a recry stallized 
material, the possibility exists that deformed alloys might exhibit such oscilla
tions. Fortunately, these grain size oscillations may be simply detected by 
repeating the measurements after translational relocation of the specimen, which 
has the effect of altering the magnitude and location of the oscillations. 2 

5. SHIRAIWA, T., and SAKAMOTO, Y. The X-L\ay Stress Measurement of the Deformed 
Steel Having Preferred Orientation, Soc. Mat. Sci., 1970, Kyoto, Japan, p. 25. 

6. o8LLE, H., and HAUK, V. Einfluss der Mechanischen Anisotropie de Vielkristalls 
(Textur) auf die Rontgenogriphische Spannungermittlung, v. 69, 1978, p. 410. 

7. HAUK, V., and SESEMANN, H. Abweichungen von Linearen Gitterbenenabstandsver
teilungen in Kubischen Metallen und ihre Berucksichtigung bei der 
Rontgenographischen Spannungermittlung, v. 67, 1976, p. 646. 
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In order to avoid these pr ob l ems assoc i a ted with textured ma t erials , Dolle 
and Cohen 2s uggest employing {hOO l and {hhh } reflections, which ret a in the linea r 
d vs. sin 2~ character. As an alt e rnat i ve , t he { 310 } r e fl ection is recommended in 
place of the {211 } in stee l t o avo id these t exture e ff ect s a l ong t he R. D. 

In this s tudy, an apparent pha se d i f fe rence between d and £ ( 0 , ~) a long the 
R.D. in t e xtured material i s discussed. Thi s phase d i f f erence is s i gn i f i cant when 
co r rect ion procedures for osc il la tions a l ong the R.D. a re empl oyed, i . e ., the 
Marion- Cohen method. 

X-RAY DIFFRACTION SYSTEM 

For the most part, the X-ray di ffrac tion data presented in t h i s r eport was 
taken wi t h a Ri gaku Strainflex MSF/PSF sys t em. A chromium (Cr) X- ray t ube operated 
a t 30 kV and 10 rnA was the s ource of t he Ket filtered radia tion ut i l ized in this 
wor k . A s tandard 1° divergence beam a nd r eceiving slit wi th a built i n collimator 
provided the specified "parall el beam" optics . 

The X-ray geometry illus tra ting t he optical variables i s s hown in Figure 1. 
N is the s pecimen normal, wher eas the di f fra ction system nor mal is NR. The 
aggular displacement between N a nd N i s deno ted by o, a nd i s i dea ll y e qua l t o 0 . 
~0 i s the inclination angle bu~lt int~ the Ri gaku Strainfl ex, whe r eas ~0 i s the 
correc t e d angle. During an X-ray " 20 scan", the Rigaku X- ray 1)! is gene rally used 
in X-ray residual stress calcul ati ons . The angle n is defined a s 90- 0 . 

The position of the diff r ac t ion peak maximum was obta ined f r om the r ecorder 
c ha rt diffractogram employ ing the s ide s lope method . I t was found t ha t the para
bo l ic fi tting method and the midpo i nt me thod (when suf f i cient background data 
we r e r ecorded) consistently gave s i mi l ar r esults, but t hat the side slope method 
was mor e convenient to wo rk wi t h . 

Figure 1. Schematic drawing of X-ray diffraction 
geometry tor the Rigaku Strainflex system. 
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MATERIALS 

The three textured spec imens cons idered in this s tudy a re a martensitic steel, 
a cold-rolled jron (Fe), and an Ai alloy . 

a . Martensitic steel* 

Specimen 1 was cut from a 4340 s teel plate that had been austentized at 
1550°F, rolled to a r eduction of 90% over a declining temperature range and, 
fina lly, water-quenched from the "hay" region. This s pec ime n revealed a high 
degree of texture. 

b. Pure iron 

Spec imen CRI was f abricate d by (1) arc melting electrolytic iron, (2) nor
malizing at 940° C for 20 min in air and air cooling, (3) mac hining to a thick
ness of 0.140", (4) cross r olling to 0.070", (5) vacuum annealing a t 710° C for 30 
min and furnace cooling, (6) diamond po li shing the two paralle l surfaces, and (7) 
r o lling in one direction to an a pprox imate thickness of 0 . 020''. or a reduction of 
70% (0.005" per pass). 

c. Aluminum alloy 7039* 

Co ld-rolled with a (111) t ex ture of 9R. 

PHASE EFFECT 

If d , or 20 . , and f(O,~ ) or h (peak height) i s measured from the 
CrKa diff~~~tion pe~~? ideally , from the Equations (l) and (2) the h or 

max 
s hould al i gn with the 20 . , as a function of ~o or ~ -

mln 

(211) 
f 
max 

Such a plot, as s hown in Fi gure 2 , employing specime n l , s hows that s uch is 
not the ca s e. A similar experiment conducted \vith cold-rolled Fe (s pec imen CRI) 
r eveals a s imilar r e l ation ship in Fi gure J. With s uc h a mis ma t c h in 20 . and 
h (the lag in 20 . vs . ~ i s de fined as 28

1
) a large e rror in the coill~flted 

ma~d 1 mln 1 Th · I ' · d d l res l ua s tress can r esu t. J. s e rror, 1owever, 1 s r e uce as t 1e s tress 
increases. 5 

One of the oh.i ectives of the. trea tmen t that follows is to try to experimen
t a lly determine the f acto r s go verning this phase differ ence . It is hoped that 
even though these factor s are f ound to he independent of s uch a phenomenon, that, 
a t l east they may be jus tifiabl y r emoved whenever an analysis of s uch an effect 
is con s idered. 

SYSTEHATIC ERRORS 

The following parame t e r s we r e tes t ed and found to have a negligible e ffect on 
r e duc ing the value of 20L. 

*Thi s specimen was fabri ca t ed and kindly furnished by A. Zarkades of AHMRC. 
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t o note tha t th i s cas e r e presents the only c onditi on. fo r the ( 211) reflec tion, 
whe re 28 . and h are ali gned . 

m1n max 

This pa rt icula r exper i ment seems t o s uppor t t h e s u ggest ion tha t thi s 2e
1 

effec t 
is not neces sari ly due t o l a r ge machining s tress g radient s . 

• 
f 

1.0 

0.5 

Figure 4. 2 B and h [CrKa (2)1!] vs. tJi ~· for steel speci
men 1, with scanning speed 2 8 reduced to 1°/min_ 

Figure 5. 2 6 and h vs. t/1 ~ for iron specimen CR 1 a h er elect ropolishing 
the specimen surface. 
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a . Alignmen t of X-ray system 

l. Rece i v ing s lit pos ition 

The procedure to t es t the effect of a vari a tion in the alignment of 
rece1v~ng s lit was to rotate the receiving s lit until the 28 peak posi tion of stand
ard specimen s (i.e., Fe, Au, Al) we r e fixed a t three distinc t level s a nd subsequently 
r epeating the 28 and h vs . ~ e xperime nt . 

2 . Spec imen distance 

The diffractomete r was raised a nd lowe red 2 mm in the direction of the 
specimen normal. 

3 . Specimen r otation a l o n g ~ 
0 

To chec k on this effect , s pecime n l was rot a t e d from the direc tion NR 
(see Figure 1) by the displacement a n gle 6. 

b . Scanning rate a n d time con s tan t 

Specimen 1 was examined using a de c r eased scanni ng r a t e , i.e. , 
Figure 4). 

c . Varia tion in ¢of 180° (with and opposi te R.D.) 

d . Absorption 

• 0 
28=1 / min (see 

1. Random samp l es of stee l ( exh ibiting less than 5% variation of x R 
ove r a n e nt ire pole figur e) a nd Al, were examined for loss of i nte n sity with 
increas ing ~ - The results a r e in agreement with theore t ical calcu lation s . This 
intensity correction was appli e d to t he f(u, B) distribution function . 

2 . The effect of the chan ge i n s hape of the diffrac t ed peak· due to ab
sorption a n d t o the Lorentz Polarization facto r on 20 was also teste d. 

L 

e . Grain size 

To miti ga t e against the effec t of grain si ze, the en t i r e Rigaku goniome ter is 
oscilla t e d up to ±7° in ~. the time constant inc reased to 10 sec . and the scanning 
r a t e decreased to 1°/min. The grain size and distribution s wer e det e rmined me tal
l ographically and found t o be e l ongated and larg e, varying fr om 10 t o 80 ~m wide to 
100 to 400 ~m l on g . 

f . Po l ish i n g proce du re 

All s p ecimens, suc h a s l, we re mec ha ni c ally poli s h e d using a p r ocedure that 
was fo und to introduce no ef f ec t due to co ld work. However, specime n CR l wa s not 
mechanically polished . 

Elec tropolis hing specimen CR l ( see Figure 5) gave essentially the same r esults 
as the as- rolled condition shO\vn i n Figure 3 . The only differ e nce is the better 
resolution o f the (111) [211] 20 . peak wit h elec tropo lishing . lt is interesting 

m1n 
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0 • 
28 tl 

Figure 7. 28 and h vs. l}! for steel specimen 1 with Rigaku divergent 
beam X-ray system (1 ° receiving slit). 

REPRODUCIBILITY AND CONFIDENCE 

The question of the reproducibility of thP results presented in this report 
should he addressed. 

Certainly more could have been done to isolate the characteristic textures. 
The main emphasis on reproducing data has been with the systematic errors of one 
parallel beam system. Supporting data was obtained with a divergent beam (Diano) 
and a quasi-divergent beam (Rigaku) system. 

A decision was made to test specimens 1 and CRl on a similar parallel beam 
X-ray system in another laboratory. Experiments were repeated on a Rigaku Strain
flex system at the Bethlehem Steel Co., Homer Research Laboratory. The results are 
shown in Figure 8. Compare the 20L values of specimen 1 of approximately 5°, 8°, 
and 9° (Figure 8) with the values of 4°, 5°. and 5° reported in Figure 2. 

ALUMINUM TEXTURED ALLOY 

As indicated by D5lle and Cohen, the lhhh} and the {hOO} planes should not 
display any oscillation in the diffracted peak positions due to texture. The tex
tured aluminum alloy was investigated under similar experimental conditions as those 
for steel using parallel beam optics; in fact the texture effect is absent, as the 
results given in Figures 9 and 10 show for the {222} planes. It may be seen that 
small oscillations occur both in the R.J). case and for the specimen r o tat ed 90° to 
the R.D. This may be due to the large "effective" grain size. This problem was 

9 



DIVERGENT BEAM GEOMETRY 

A Gene ral Electric/Diana XRD-5 diffrac tometer afforded a divergen t X-ray beam 
with Bragg Brentano focussing . 

Specimen l was subj ected to three levels of X-ray beam divergence . Although 
the condition affording the highes t degree of divergence also provided the smallest 
"effective " partic le size , (i. e. , 1° beam , 0.1° receiving slit ) , sufficient resolu
tion was not achieved to mea s ure 20 unt i l the ver tica l diver gence of t he be am was 
reduced with l ead masks so tha t a 0~~ 100" high beam was allowed t o pass thru the 0.4° 
beam slit. Since the X-ray i ntensity was so severely r educed under these condi
tions, the r esults show ( see Figure 6) a very large scatter in the 28 curve. I n 

0 
spite of this problem, a lag in 20

1 
remains at approximate ly 5 . 

Finally , specimen 1 was examined on a Rigaku divergen t beam diffractome ter 
with a fixed specimen (~=0) and a large r eceiving slit ( 1°) . Figure 7 gives the 
same behavior as that using pa rallel beam optics , 20

1 
~ 4-5°. 

Figure 6. 26 and h vs. 1)! fo r steel specimen 1 with 
0.4° beam slit and limited vertical divergence on t he 
Diana system. 

8 



0 • 

28 h 

150 

IS6 100 

ljlo' 

Figure 10. 28 and h vs. lj! ~ for aluminum textured alloy specimen ( ljJ ~ 
in cross roll ing direction). 

observed earlier in an investigation of a luminum plate selec t e d as s tanda rds for 
establishing a procedure for measurin g residual stresses in aluminum. 8 In some 
cases, this problem of grain s i ze was so severe that oscillations of ±7° i n ~ were 
necess ar y to eliminate the effec t. 

CO NCLUSIONS 

The mismatc h or lag in 28 . (or d ) behind the (211 ) Ka inten sity maximum 
appears to be a real e f fect tom~gnt end ef£h at l eas t in the applica tion of the 
Marion- Cohen me thod of correc ting fo r texture in the application of para lle l beam 
optics . Whe t her this be hav i or i s due to mic rostrains, inhomogene ities , plastie 
ani sotropy , large grain size , grain coupling , o r o the r untest ed fac t ors , they are 
present i n t he t wo forms of s t eP l t ~xtures r~vealed in the r esults of this work. 

J ae nsson q has pre sented a provocative stud y of the effect s o f a fixed ~ angle 
sys t em on t he 20 peak position. Although this factor s hould be given serious con
sideration for conduc ting textur e cor r ections , the double t separation in this study 
is approximatel y one degree 20 , apparen tly not accounting f or the full phase eff ect. 

Although fu rther experimental work is c ertainly in orde r to identify t he 
origin s of thi s effect, some r ecommendations can be made to reduce or correc t f or 
this 28L effect . 

Fo llowing the suggestion of Jaensson 9 , a ~- 2 0 coupled goniome t er may reduce 
28L. Along these lines, R. Chrenko , G. E. R&D Laboratory , Schenec t a dy, N.Y ., recently 
sugges t ed tha t the side slope method emp l oyed with the ~ cons t ant Rigaku Strainflex 
goniometer s hould be tested to ef fe c tively g i ve the same conditions as s uggested by 
Jaensson . 

8. HORNUNG, N. L. X-Ray Stress Analys i s Deve l o pme nt of Aluminum Stand a rds, Spec i a l 
AMMRC Repor t, in process. 

9. JAENSSON, B. A Principal Distinction Between Di f f erent Kind s of X- Ray Equipment 
for Residua l Stress Measureme nt, Mat. Sc i. and Engrg., v. 43 , 1980, p. 169. 
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0 • 
'l B h 

Figure 8. 28 and h vs. \j;~ for steel specimen 1 with Rigaku strainflex 
(at Homer Research Laboratory, Bethlehem Steel). 

0 
211 

157 

• 
h 

Figure 9. 2 8 and h (Cr~ (2221J vs. lj!' for alum! · 
num textured alloy specimen ( \jJ ~in ro~ing direction). 
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r:r tP ksi 

400 

-200 

-300 

5 LS 

0 Defocuss1n9 Cor rection 
No Texture Co rrection 

0 
No Defocu ssmg Correction 
Correction for Texture tAngles Fi xedf 

No Defocu ssi ng Correction 
\7 Correction for Texture with I Curve 

Di splaced 

Detocussing Correction 
!:> Correction tor Textu re with f c urve 

Displaced 

25 
ljlo' 

35 45 

Figure 11 . Measured residual stress a cb vs. ljJ ~ for steel 
specimen 1 showing effect of defocusslng correction and 
setting 28 L = 0 (displacing f curve) . 
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1. The reduction of the average grain size by the use of a large divergent 
beam may be a means to reduce the 28 . Jaensson suggests oscillating the gonio
meter to achieve the same result. It should be pointed out, however, that when 
this procedure is followed. the time constant of the detection system must be 
increased substantially . 

2. Another method of increasing the number of grains is to increase the 
X-ray energy, thus pe.rmitting greater penetration of the X-rays into the steel. 

3. Displace the f curve, matching 20 . and the (211) K maximum as demon
strated in Figure 11. This would reduce tW~nerror with the M~rion-Cohen texture 
correction in determining the residual stress. 

The suggestion of DHlle and Cohen2 to employ {hhh} or {hOO} reflections is of 
course available with the selection of the CuK * (400) steel reflection. However, 
another technique may be to use a non-dispersiBe techn~que (whereby the energy of 
the radiation is varied in the back reflecting region): add the shifts in A or 20 
for several {hk1}s to "average out" the texture in the sample thereby av<'iding a 
Marion-Cohen correction. This technique would increase the accuracy over the se
lection of the CrK (200) steel reflection. ~resently, the CrK (211) affords 3~ 
times the accuracyaover the CrK (200) reflectionJ a 

a 

Another approach would be to use the CoK (310) reflection to avoid the scat
tering vector from approaching the high conccgtrations of the {310} poles due to 
texture. 1 However, this technique demands further experimental work, due to the 
departure of practical textures from the ideal case, as well as other potential 
problems. 

*The use of the CuKe radiation plac es some a dditional experimental r estrictions on 
resolution of the (400) diffraction peak due to the fluorescence of the iron atoms. 
Although a mon ochromator increas es the resolution, the price is a lo s s in X-ray 
intensity . 
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